ABSTRACT: Ti-Al-Si-C-N coatings are deposited by hybrid arc-enhanced magnetron sputtering and characterized by various micro and macro-tools. X-ray diffraction, high-resolution transmission electron microscopy, and X-ray photoelectron spectroscopy reveal that the coatings are probably nanocomposites consisting of nanocrystallites and amorphous phases. They are generally in the form of nc-͑Ti,Al͒͑C,N͒/aSiN/a-C, depending on the composition of the coatings. With increasing Al concentrations, the X-ray diffraction peaks shift to a lower angle and the measured hardness diminishes, implying a reduced contribution of the self-organized stable nanostructure. The dry friction coefficients of the Ti-Al-Si-C-N coatings are about 0.3, which is lower than that of conventional Ti-Si-N coatings. These coatings can find potential applications requiring heavy contact loading subject to high temperature.
Introduction
New types of hard coatings with good potential applications in cutting tools, molds, etc. continue to attract attention ͓1-3͔, although TiN and TiC coatings have been studied extensively and widely used in industry since the early 1980s ͓4͔. The reported results show that TiN coatings have a high hardness of about 20 GPa ͓5,6͔ and show better performance in practice on cutting tools and molds. TiC coatings have also been used successfully in industry ͓7͔. However, these coatings cannot satisfy more stringent requirements in practice, and consequently, new types of hard coatings have to be studied. TiAlN hard coatings boasting a high hardness of over 30 GPa, good oxidation resistance at high temperature, and better wear resistance are one of the most successful coatings used in industry, especially in cutting applications ͓8-10͔, which oxidation resistance increases linearly with increasing aluminum contents ͓11,12͔. In 1995, the publication concerning the design of novel superhard nanocomposites with hardness over 40 GPa was reported on TiSiN coatings ͓13͔. A nanocomposite microstructure composed of a nanocrystalline phase of TiN surrounded by an amorphous phase of Si 3 N 4 was highlighted and the ultra-high hardness was attributed to this nanocomposite microstructure ͓14͔. Since then, increasing studies continue for improving the coating system and many kinds of coatings have been produced ͓15͔. This paper reports the mechanical properties and microstructure of the TiAlSiCN hard coatings with different Al concentrations and deposited with a new method of hybrid arc-enhanced magnetic sputtering.
Experimental Details
A hybrid arc-enhanced magnetron sputtering ͑AEMS͒ system, depicted schematically in Fig. 1 , was employed to deposit Tiu Alu Siu C u N coatings. A titanium arc from the target of Ti was used both to increase the plasma density in the whole period and to produce an interlayer of TiN between the coating and the substrate in the initial deposition stage. Three pairs of dual-magnetron targets including two Al targets, two C targets, and two Si targets were installed along the vacuum chamber wall. Two planar magnetrons on each pair were placed in the vacuum chamber. A rotatable substrate holder was placed in the center. A pulsed direct current ͑dc͒ power supply was used on the substrate and four pulsed alternating current power supplies with 40 kHz were used on each pair of dual-magnetron targets to control the substrate bias voltage, substrate bias current, and target power. The substrate bias power supply was operated in a unipolar pulse mode and the duty cycle ͑on-off͒ was adjusted according to the process requirement. The current-constant mode was used in the medium-frequency power supplies to control the magnetron targets. Argon gas was introduced to each target to enhance the sputtering of the targets. Before deposition, the polished high-speed steel ͑HSS͒ substrates were cleaned in an ultrasonic bath cleaner using acetone and ethanol. After pumping down to a background pressure of 6.0ϫ 10 −3 Pa by a turbo-molecular pump in the vacuum chamber, the substrates were cleaned once more by Ar ion bombardment at a bias voltage of Ϫ1000 V and a duty ratio of 65 % under an Ar atmosphere of 6 Pa for 20 min.
The Tiu Alu Siu C u N coatings were synthesized at pulsed dc bias voltages of Ϫ100 V, substrate temperatures of 200°C, and pressures of 0.3 Pa in a gas mixture of Ar and N 2 ͑with a flow rate of 30 and 28 SCCM, respectively͒. The power applied to the C target ͑6 kW͒ and Si target ͑3 kW͒ as well as the current at the Ti arc ion target ͑60 A͒ were kept constant and only the Al target power was varied from 3.5 to 30 kW. In order to enhance the adhesion between the coating and the substrate, a TiN interfacial layer with a thickness of about 100 nm was reactively sputtered onto the substrate from the Ti targets. The substrate-to-target distance was 120 mm and the thicknesses of the deposited Tiu Alu Siu C u N coatings are about 3.0 m.
The thickness and surface morphology of the coatings were measured using scanning electron microscopy ͑JSM 6700F͒. The composition of the coatings was determined by energy dispersive X-ray spectroscopy ͑Oxford INCA Energy detector installed on the JSM 6700F͒. The chemical bond analysis was carried out with X-ray photoelectron spectroscopy ͑XPS, PHI 5802͒. The crystalline phases in the coatings were performed by pseudo-glazing incidence X-ray diffraction ͑GIXRD͒ using Cu-K ␣ radiation at an incident angle of 2°͑Shimadzu Limited Pro X-ray diffractometer͒. The structural information was determined by high-resolution transmission electron microscopy ͑TEM, JEM 2100F͒ and selective area electron diffraction patterns ͑SAED͒. The hardness values were determined employing an HV-100 microhardness tester equipped with a Vickers diamond indenter. The applied load of 200 mN was used in order to keep the indentation depth less than 1/10 of the coating thickness. The measurement error of the HV-100 microhardness tester was about 10 %. The friction coefficients and wear behavior were evaluated by sliding tests using a pin-on-disk tribometer at a load of 3.25 N. A Si 3 N 4 ball ͑3 mm diameter͒ was used as the counterpart. The test was conducted at a sliding speed of 0.3 m/s at 20°C and 45 % relative humidity in the air without applying lubricants. The adhesion of coatings was evaluated with a WS-type scratch tester at a scratch speed of 60 N/min and a maximum load of 100 N. The residual stresses were determined by X-ray diffraction with the Panalytical X-pert system under Cu-K ␣ radiation. clearly in Fig. 3 , the crystalline phase in Tiu Alu Siu C u N coatings is considered nanocrystalline of ͑Ti,Al͒͑C,N͒ according to the literature ͓16,17͔, which exhibits a B1 NaCl-type structure and can be revealed in TEM and SAED analysis in Fig. 4 . The broadened profiles at around 37°significantly shift to their standard positions, indicating nanosized grains involved in the crystalline phase. The fact that the peak shifts to a low angle with increasing Al concentration indicates a larger lattice spacing in the crystals. This may be due to the replacement of Al atoms in ͑Ti,Al͒͑C,N͒. Another possible reason is the solid solution of larger Ti atoms in the AlN lattice. More AlN crystals can be found as the Al concentration increases. Further changes in the lattice spacing and subsequent peak shift may be caused by compressive residual stress in Tiu Alu Siu C u N coatings. The stress values decrease from 2500 to 1700 MPa with increasing Al, as shown in Fig. 5 . Other diffraction peaks of crystalline phases such as Si 3 N 4 and graphite are not detected, indicating that Si and C exist probably in the amorphous state. Figure 4 displays the TEM images of Tiu Alu Siu C u N coatings with 9 and 30 at % Al. The lattice parameter was calculated using SAED spectroscopy patterns in the figure. Since the diffraction rings are not sharp enough, the calculated values of d-spacing are in a range. Take the example of ͑200͒ orientation, the calculated values in Fig. 4͑a͒ are in a range of 2.05-2.17, while the standard d-spacing of TiN ͑200͒, TiC ͑200͒, and AlN ͑200͒ is 2.120 71, 2.163 70, and 2.060 00, respectively. It appears that the Tiu Alu Siu C u N coatings thus produced should be a composite consisting of TiN, TiC, and AlN nanocrystallines. However, if the whole SAED patterns on the right corner of Fig. 4͑a͒ and 4͑b͒ multiple orientations of ͑111͒, ͑200͒, and ͑220͒ of B1 NaCl-type structure, are considered combined with the X-ray diffraction ͑XRD͒ analyses of Fig. 3 , one can conclude that the coatings are probably composed of nanocrystallines of ͑Ti,Al͒͑C,N͒. These nanocrystallites should be embedded in the amorphous SiN or partially in amorphous C, according to the results in literature, since the amorphous rings could be detected in SAED.
Results and Discussion
The bonding state of elements in Tiu Alu Siu C u N coatings can also be used to determine the phases. In Fig. 6 , the Al 2p spectra show the Alu N peak at 73.8 eV and no evidence of an Alu C chemical bonding state in the coatings; the Ti 2p spectra show the Tiu C peak at 455.1 eV and the Tiu N peak at 456.5 eV, consistent with the results in Figs. 3 and 4 ; the C 1s spectra show the C u Ti peak at 282.5 eV, consistent with the Ti 2p spectra. The C 1s spectra also show the C u C peak at 284.6 eV, demonstrating that some atoms exist as amorphous carbons since no carbon crystalline phase is disclosed
FIG. 6-XPS spectras of the Tiu Alu Siu C u N coatings with [(a)-(d)] 9 at % Al content and [(A)-(D)] 26 at % Al content.
by Figs. 3 and 4 . The Si 2p spectra show the Siu N peak at 101.7 eV, indicating the existence of Si 3 N 4 . However, both XRD and TEM did not disclose any crystallites of Si 3 N 4 phase, implying that the Si 3 N 4 should be in an amorphous form. The peaks of Siu O ͑100.6 eV͒, Alu O ͑75.7 eV͒, and C u O ͑286.9͒ are perhaps due to oxygen contamination on the coatings surface. Figure 7 shows the hardness values determined from the Tiu Alu Siu C u N coatings containing various amounts of Al. The hardness values are obtained from samples having a thickness of more than 3.0 m. As the Al content increases from 9 to 12 at %, the hardness increases and reaches the maximum value of ϳ38 GPa when the Al concentration is 12 at %. The Tiu Alu Siu C u N coatings possess a nanocomposite structure with ͑Ti,Al͒͑C,N͒ nanocrystallites embedded in a thin amorphous Si 3 N 4 / C matrix. This kind of structure limits cracks in the amorphous Si 3 N 4 / C matrix to several nanometers and impedes the propagation of nanocracks. It also reduces the movement of dislocations in the Tiu Alu Siu C u N coatings, resulting in enhancement in the hardness. As can be seen in Fig. 3 , XRD results of the Tiu Alu Siu C u N coating with 12 at % Al content is a little different with others. The peak of the Tiu Alu Siu C u N coating with 12 at % Al content at around 37°is found more broad than others, which indicates that the grain size is smaller than others. The decrease of grain size might contribute to the increase of hardness in the Tiu Alu Siu C u N coating with 12 at % Al content. However, further increase in the Al concentration decreases the hardness of the Tiu Alu Siu C u N coating. The size of the crystal grains in the Tiu Alu Siu C u N coating increases when the Al content increases, as shown in Figs. 3 and 4 . The amorphous Si 3 N 4 / C matrix becomes thinner as the size of the crystallites increases. The thinner amorphous Si 3 N 4 / C matrix promotes the propagation of nanocracks, thereby decreasing the hardness. Figure 8 shows the critical load of the Tiu Alu Siu C u N coatings with various Al contents. At Al concentrations smaller than 26 at %, the critical load remains constant as the Al content varies. When the Al concentration increases to 30 at %, the critical load increases from 40 to 50 N. The residual stress decreases as the Al content increases, as shown in Fig. 5 . Higher intrinsic residual stress makes it easier to destroy the coating. When the Al concentration increases, the residual stress decreases and the critical load increases. The micrographs showing the scratches are exhibited in Fig. 8 , which shows that the coating peels off from the substrate when the coating-substrate system is destroyed. 
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stemming from the formation of amorphous C acting as a graphite-like lubricating layer. It can be found that for the sample with 12 at % Al content, the friction coefficient is the lowest at 0.3 and the hardness is the highest at 38 GPa. This provides the foundation to fabricate Tiu Alu Siu C u N coatings with low friction coefficient and high hardness.
Conclusion
Tiu Alu Siu C u N coatings with Al concentrations ranging from 9 % to 30 % were deposited by a hybrid arc-enhanced magnetic sputtering system. All coatings have a nanocomposite phase structure of nc-͑Ti,Al͒͑C,N͒/a-SiN/a-C. The hardness of the Tiu Alu Siu C u N coatings reaches the maximum value of ϳ38 GPa when the Al concentration is 12 %. The high hardness is believed to be due to the formation of the nanocomposite microstructures. The lowest friction coefficient of the Tiu Alu Siu C u N coatings is 0.3. On account of their high hardness and low friction coefficient, Tiu Alu Siu C u N coatings are potentially useful in dry and high-speed cutting tools.
